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Advances
  in
  theoretical
  modeling
  of
  biological
  tissue
  growth
  and
  remodeling
  (G&R)
  and
  computational
biomechanics
 have
 been
 helpful
 to
 capture
 salient
 features
 of
 vascular
 remodeling
 during
 the
 progression
of
  vascular
  diseases.
  Nevertheless,
  application
  of
  such
  advances
  to
  individualized
  diagnosis
  and
  clinical
treatment
  of
  diseases
  such
  as
  abdominal
  aortic
  aneurysm
  (AAA)
  remains
  challenging.
  As
  a
  step
  toward
that
  goal,
  in
  this
  paper,
  we
  present
  a
  computational
  framework
  necessary
  towards
  patient-speciﬁc
  mod-
eling
  of
  AAA
  growth.
  Prior
  to
  AAA
  simulations,
  using
  an
  inverse
  optimization
  method,
  initial
  material
parameters
  are
  identiﬁed
  for
  a
  healthy
  aorta
  such
  that
  a
  homeostatic
  condition
  is
  satisﬁed
  for
  the
  given
medical
  image-based
  geometrical
  model
  under
  physiological
  conditions.
  Various
  shapes
  of
  AAAs
  are
then
  computationally
  created
  by
  inducing
  elastin
  degradation
  with
  different
  spatio-temporal
  distribu-
tions.
  The
  simulation
  results
  emphasize
  the
  role
  of
  extent
  of
  elastin
  damage,
  geometric
  complexity
  of
  an
enlarged
  AAA,
  and
  sensitivity
  of
  stress-mediated
  collagen
  turnover
  on
  the
  wall
  stress
  distribution
  and
the
  rate
  of
  expansion.
  The
  results
  also
  show
  that
  the
  distributions
  of
  stress
  and
  local
  expansion
  initially
correspond
  to
  the
  extent
  of
  elastin
  damage,
  but
  change
  via
  stress-mediated
  tissue
  G&R
  depending
  on
the
  aneurysm
  shape.
  Finally,
  we
  suggest
  that
  the
  current
  framework
  can
  be
  utilized
  along
  with
  medical
images
  from
  an
  individual
  patient
  to
  predict
  the
  AAA
  shape
  and
  mechanical
  properties
  in
  the
  near
  future
via
  an
  inverse
  scheme.
© 2012 Elsevier Ltd. All rights reserved.
1.
  Introduction
Abdominal
  aortic
  aneurysm
  (AAA)
  affects
  about
  5%
  of
  elderly
men
 in
 the
 US.
 Its
 rupture
 and
 the
 risk
 associated
 with
 its
 treatment
pose
  an
  enormous
  social
  and
  economic
  burden
  in
  our
  aging
  society
and
  there
  has
  been
  continuous
  demand
  for
  better
  risk
  assessment
and
  patient
  management
  based
  on
  advances
  in
  medical
  imaging
and
  computational
  biomechanics.
Classical
  ﬁnite
  element
  (FE)
  analysis
  using
  a
  nonlinear
  constitu-
tive
  model
  of
  vascular
  wall
  and
  a
  medical
  image-based
  geometric
model
  provides
  a
  better
  estimation
  of
  wall
  stress
  as
  a
  more
  reliable
biomarker
  of
  rupture
  (Dorfmann
  et
  al.,
  2010;
  Fillinger
  et
  al.,
  2002;
Raghavan
  and
  Vorp,
  2000;
  Rissland
  et
  al.,
  2009;
  Speelman
  et
  al.,
2007).
  These
  previous
  studies,
  however,
  estimate
  stress
  distribu-
tion
 of
 an
 AAA
 at
 a
 ﬁxed
 time
 and
 do
 not
 account
 for
 the
 continuous
evolution
  in
  material
  properties,
  and
  thus,
  strength
  of
  the
  wall.
Arterial
  wall
  exhibits
  remarkable
  ability
  to
  adapt
  in
  response
to
  changes
  in
  mechanical
  environment
  (Driss
  et
  al.,
  1997;
  Jackson
et
  al.,
  2005;
  Mulvany,
  1992).
  The
  need
  to
  understand
  the
  role
  of
mechanical
  stimuli
  in
  vascular
  adaptation
  has
  motivated
  many
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theoretical
 models
 of
 vascular
 growth
 and
 remodeling
 (G&R),
 incor-
porated
  within
  FE
  method
  framework
  (Baek
  et
  al.,
  2006;
  Figueroa
et
  al.,
  2009;
  Watton
  et
  al.,
  2004;
  Watton
  and
  Hill,
  2009;
  Kroon
and
  Holzapfel,
  2007,
  2009;
  Hariton
  et
  al.,
  2007).
  These
  G&R
  sim-
ulations
  use
  microstructural
  information
  of
  structural
  constituents
(i.e.
  collagen,
  elastin
  and
  smooth
  muscle
  (SM))
  at
  a
  given
  time
  to
calculate
  the
  mechanical
  state
  (e.g.
  stress
  or
  strain)
  and
  update
  the
microstructural
 properties
 of
 constituents
 by
 continuous
 mechano-
sensitive
  turnover
  of
  constituents.
There
  have
  been
  two
  different
  G&R
  models
  developed
  for
  sim-
ulating
  the
  progression
  of
  AAAs:
  ﬁrst
  by
  Watton
  et
  al.
  (2004),
Watton
  and
  Hill
  (2009)
  and
  recently
  by
  Zeinali-Davarani
  et
  al.
(2011b,c).
  Although
  the
  detail
  formulations
  are
  different,
  they
both
  employ
  a
  similar
  constrained
  mixture
  approach;
  a
  removal
of
  elastin
  initiates
  an
  AAA
  and
  the
  AAA
  expands
  with
  stress(or
strain)-mediated
  turnover
  of
  collagen
  ﬁbers.
  Both
  studies
  capture
salient
  features
  of
  G&R
  of
  AAAs,
  i.e.
  fragmented
  and
  diminished
elastin
  commonly
  reported
  in
  AAAs,
  and
  the
  mechanism
  by
  which
a
 stiff,
 collagenous
 tissue
 expands.
 The
 later
 study,
 however,
 focuses
on
  further
  improvement
  of
  the
  G&R
  computational
  framework
  to
incorporate
  geometrical
  models
  constructed
  from
  medical
  images.
Brieﬂy,
  Zeinali-Davarani
  et
  al.
  (2011c)
  ﬁrst
  extended
  an
  existing
FE
  model
  of
  stress-medicated
  G&R
  of
  arteries
  (Baek
  et
  al.,
  2006)
to
  incorporate
  a
  medical
  image-based
  geometry
  of
  a
  healthy
  aorta
for
  modeling
  an
  AAA.
  They
  realized,
  however,
  that
  in
  a
  medical
image-based
  model,
  initial
  prescription
  of
  material
  and
  geometric
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properties
  to
  satisfy
  mechanical
  homeostasis
  causes
  the
  geome-
try
  under
  in
  vivo
  pressure
  to
  deviate
  from
  its
  original
  geometry
obtained
  from
  the
  medical
  images.
  To
  resolve
  this
  issue,
  they
employed
 an
 optimization
 method
 to
 minimize
 the
 deviation
 of
 the
geometry
 from
 the
 original
 geometry
 while
 maintaining
 the
 home-
ostatic
  condition
  (Zeinali-Davarani
  et
  al.,
  2011b).
  Most
  recently,
the
  utilities
  of
  the
  G&R
  model
  have
  been
  illustrated
  in
  studying
the
  effect
  of
  hemodynamic
  factors
  on
  AAA
  growth
  (Sheidaei
  et
  al.,
2011)
  and
  vascular
  remodeling
  after
  endovascular
  repair
  (Kwon
et
  al.,
  2011).
This
  study
  summarizes
  the
  recent
  progresses
  on
  image-based
modeling
  of
  AAA
  growth
  and
  presents
  the
  most
  recent
  framework
for
  modeling
  AAA
  G&R,
  as
  an
  important
  step
  toward
  individual-
based
  clinical
  applications.
  Using
  the
  computational
  framework
and
  a
  3D
  geometry
  constructed
  from
  medical
  images
  of
  a
  healthy
aorta,
  we
  then
  investigate
  how
  the
  different
  spatio-temporal
  dis-
tributions
  of
  elastin
  damage
  and
  kinetic
  factors
  inﬂuence
  local
  AAA
expansion
  and
  stress
  distributions
  during
  the
  progression.
  Finally,
we
  discuss
  possible
  applications
  of
  the
  proposed
  framework
  in
management
  of
  individual
  AAA
  patients.
2.
  A
  framework
  for
  medical
  image-based
  modeling
  of
  AAA
G&R
Fig.
  1
  illustrates
  a
  schematic
  diagram
  of
  a
  computational
  frame-
work
 for
 modeling
 AAA
 enlargement.
 First,
 a
 3D
 geometric
 model
 is
constructed
  by
  segmentation
  of
  medical
  images
  of
  a
  healthy
  aorta.
For
  the
  aneurysm
  simulation,
  we
  use
  a
  central
  region
  of
  the
  geo-
metric
  model.
  Considering
  the
  vessel
  wall
  as
  a
  thin
  membrane,
  it
is
  convenient
  to
  parameterize
  the
  3D
  wall
  surface
  with
  two
  spatial
parameters.
  That
  is,
  any
  point
  on
  the
  wall
  surface
  can
  be
  character-
ized
 by
 its
 longitudinal
 position
 (l)
 along
 the
 centerline
 of
 the
 artery
as
  well
  as
  its
  azimuthal
  orientation
  ( )
  with
  respect
  to
  a
  reference
direction
 (see
 the
 2D
 plot
 in
 Fig.
 1
 and
 Zeinali-Davarani
 et
 al.,
 2011b
for
  technical
  details
  of
  the
  parameterization).
In
  a
  normal
  physiological
  condition,
  production
  and
  removal
of
  the
  vascular
  wall
  constituents
  are
  balanced
  such
  that
  the
vessel
  maintains
  its
  shape
  under
  a
  preferred
  homeostatic
  state
(Humphrey
 and
 Rajagopal,
 2002).
 In
 this
 computational
 framework
(Fig.
  1),
  we
  use
  the
  geometry
  constructed
  from
  the
  medical
  images
as
  the
  pre-stressed
  reference
  conﬁguration.
  Under
  the
  physiolog-
ical
  pressure,
  however,
  changes
  in
  mechanical
  properties
  or
  wall
thickness
  of
  the
  computational
  model
  of
  the
  aorta
  induce
  a
  devia-
tion
  of
  the
  conﬁguration
  from
  the
  original
  and
  it
  is
  not
  a
  trivial
  task
to
  prescribe
  the
  distribution
  of
  material
  and
  geometric
  parameters
to
  satisfy
  the
  homeostatic
  mechanical
  state
  as
  well
  as
  maintaining
the
 original
 geometry.
 Here,
 we
 employ
 a
 recently
 proposed
 inverse
optimization
  to
  estimate
  spatial
  distributions
  of
  material
  and
  geo-
metric
  properties,
  e.g.
  wall
  thickness
  and
  anisotropy,
  such
  that
  a
target
  mechanical
  homeostasis
  is
  satisﬁed
  and
  the
  in
  vivo
  geome-
try
  is
  maintained
  under
  in
  vivo
  condition
  (Zeinali-Davarani
  et
  al.,
2011a,b).
  The
  general
  form
  of
  the
  optimization
  objective
  function
is
  given
  as
J
  =
 
 
||u(h,
 ˛k)
  −
  uimage||2dA
  +
   
 
 
 
k
 
 k(h,
 ˛k)
 h
−
  1
 2
dA
(1)
where
  u
  is
  the
  FE
  solution
  for
  displacement
  ﬁeld
  and
  uimage is
  the
displacement
  ﬁeld
  from
  the
  biomedical
  image.
  That
  is
  uimage =
 0
when
  the
  in
  vivo
  conﬁguration
  obtained
  from
  the
  medical
  image
is
  assumed
  to
  be
  the
  reference
  conﬁguration.
   k is
  a
  scalar
  measure
of
  stress
  of
  the
  constituent
  k
  obtained
  from
  the
  FE
  analysis
  and
   h
is
  its
  homeostatic
  value.
   
  adjusts
  the
  minimization
  weight
  on
  each
additive
  term
  in
  the
  objective
  function.
  (h,
  ˛k)
  are
  the
  unknown
wall
 thickness
 and
 the
 orientation
 of
 the
 major
 diagonal
 ﬁber
 family
controlling
  the
  tissue
  anisotropy,
  approximated
  by
h(l,
  )
  =
I  
j=1
{ˇh
j  j(l,
  )}
  (2)
˛k(l,
  )
  =
I  
j=1
{ˇk
j  j(l,
  )},
  (3)
where
  (ˇh
j ,
  ˇk
j )
  are
  unknown
  variables
  associated
  with
  their
  base
functions,
   j(l,
   ),
  which
  are
  deﬁned
  on
  the
  2D
  computational
domain.
  A
  direct
  search
  method
  (Nelder-Mead
  Simplex)
  is
  used
  to
estimate
  spatial
  distributions
  of
  thickness
  and
  collagen
  ﬁber
  orien-
tation
  that
  minimize
  the
  objective
  function.
Finally,
  G&R
  simulations
  are
  triggered
  by
  inducing
  dam-
age/degradation
  to
  elastin
  with
  different
  spatial
  and
  temporal
distributions
  as1
R(X,
 t)
  =
  R(l,
  ,
 t)
  =
  Rs(l,
  )Rt(t),
  (4)
where
  the
  damage
  ratio,
  R
  ∈
  [0,
 1],
  is
  the
  ratio
  of
  the
  degenerated
elastin
  mass
  to
  the
  initial
  mass.
3.
  Computational
  simulation
  of
  an
  AAA
  evolution
3.1.
  Kinematics
  and
  constitutive
  relations
Following
  the
  previous
  studies
  (Baek
  et
  al.,
  2006;
  Zeinali-
Davarani
  et
  al.,
  2011c),
  consider
  an
  aortic
  wall
  tissue
  consisting
of
  multiple
  structural
  components,
  i.e.
  elastin
  (i
 =
 e),
  four
  colla-
gen
  families
  (k
 =
 1,
  .
 .
 .,
  4),
  and
  SM
  cells
  (i
 =
 m).
  We
  use
  t
  for
  the
time
  associated
  with
  the
  cardiac
  cycle
  and
  s
  for
  the
  time
  dur-
ing
  G&R
  (Figueroa
  et
  al.,
  2009).
  The
  current
  (in
  vivo
  quasistatic)
conﬁguration
   s in
  the
  G&R
  timescale
  is
  deﬁned
  as
  the
  conﬁgu-
ration
  under
  the
  mean
  (static)
  pressure
  during
  the
  cardiac
  cycle
(Fig.
  2).
  The
  conﬁgurations
     trace
  the
  in
  vivo
  conﬁgurations
  of
body
  through
  the
  time
   
  ∈
 [0,
  s].
  We
  assume
  that
  each
  constituent
is
  pre-stretched
  when
  deposited
  into
  the
  tissue
  at
  time
   
  and
  the
tensor
  Gi( )
  represents
  the
  deposition
  stretch
  of
  constituent
  i.
  We
consider
  the
  prestressed
  reference
  conﬁguration
  (for
  the
  computa-
tional
 purpose),
  R,
 to
 be
 the
 same
 as
 the
 in
 vivo
 conﬁguration
 of
 the
healthy
 aorta.
 Furthermore,
 we
 assume
 that
 particles
 are
 created
 or
removed
  in
   R so
  that
  there
  is
  one-to-one
  mapping
  between
   R and
 s at
 time
 s
 and
 the
 total
 mass
 is
 preserved
 in
 the
 mapping
 between
the
  two
  conﬁgurations.
  The
  deformation
  gradient
  F(s)
  is
  given
  cor-
responding
  to
  the
  mapping
  from
  the
  computational
  reference
   R
to
  the
  current
  conﬁguration
   s.
  Then,
  the
  deformation
  gradient
  for
each
  constituent
  i
  at
  time
  t,
  relative
  to
  its
  natural
  conﬁguration,
F
i
n( )(t),
  is
  given
  by
  Baek
  et
  al.
  (2006)
F
i
n( )(t)
  =
  F(t)F
−1( )G
i( ),
  (5)
where
  F−1( )Gi( )
  is
  the
  tensor
  representing
  the
  pre-stretch
  of
  the
constituent
  i
  that
  has
  been
  produced
  at
   
  with
  respect
  to
  the
  refer-
ence
  conﬁguration.
We
 employ
 a
 hyperelastic
 model
 to
 characterize
 the
 mechanical
behavior
  of
  arterial
  wall
  and
  solve
  the
  quasistatic
  inﬂation
  problem
1 Elastin
  has
  been
  widely
  observed
  to
  be
  deﬁcient
  in
  ruptured
  and
  unruptured
AAAs.
  Even
  though
  the
  factors
  that
  trigger
  AAA
  G&R
  have
  not
  been
  completely
  iden-
tiﬁed
  yet,
  elastin
  degeneration
  is
  considered
  the
  pathologic
  factor
  contributing
  to
the
  growth
  of
  AAAs
  in
  this
  study.Please
  cite
  this
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  in
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Fig.
  1.
  Schematic
  diagram
  of
  the
  steps
  taken
  for
  simulating
  AAAs
  using
  a
  medical
  image-based
  geometry
  and
  material
  parameters
  of
  a
  healthy
  aorta
  as
  an
  initial
  state.
Fig.
  2.
  Schematic
  view
  of
  the
  conﬁgurations
  involved
  in
  G&R
  simulation.
  A
  ﬁxed
  (prestressed)
  reference
  conﬁguration
  is
  used
  for
  the
  computation
  of
  deformation
  associated
with
  G&R
  time
   
  =
 [0,
  s]
  and
  it
  is
  chosen
  to
  coincide
  with
  the
  conﬁguration
  of
  a
  healthy
  in
  vivo
  artery
  at
  time
  ( 
  =
 0).Please
  cite
  this
  article
  in
  press
  as:
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using
  the
  principle
  of
  virtual
  work.
  Then
  the
  Cauchy
  stress
  can
  be
given
  as
t(t)
  =
2
J(t)
F(t)
∂ R(s) ˆ  (C(t))
∂C(t)
F
T(t), (6)
where ˆ  (C(t))
  is
  the
  stored-energy
  function
  (per
  unit
  mass).
 R(s)
 =
 J(s) (s)
  is
  the
  density
  with
  respect
  to
  the
  reference
  con-
ﬁguration
  where
  J(s)
 =
 det[F(s)]
  and
   (s)
  is
  the
  mass
  density
  in
the
  current
  conﬁguration
  at
  time
  s.
  For
  a
  membrane
  model,
  using
J
 =
 J2Dh/hR and
  T
 =
 ht
  for
  the
  thickness
  h,
  the
  membrane
  stress
  T
  can
be
  given
  as
T(t)
  =
2
J2D(t)
F2D(t)
∂MR(s) ˜  (C2D(t))
∂C2D(t)
F
T
2D(t),
  (7)
where
  the
  areal
  density
  MR(s)
 =
 hR R(s)
  and ˜  (C2D(t))
  = ˆ  (C(t)).
For
  simplicity,
  we
  omit
  the
  subscript
  ‘2D’
  and
  deﬁne
  wR(s)
  =
MR(s) ˜  (C(t)).
  Then
  (7)
  becomes
T(t)
  =
2
J(t)
F(t)
∂wR(C(t))
∂C(t)
F
T(t).
  (8)
To
  simulate
  arterial
  G&R,
  we
  postulate
  the
  stored
  energy
  equation
wR(t;
 s)
  to
  be
  (Figueroa
  et
  al.,
  2009;
  Zeinali-Davarani
  et
  al.,
  2011c)
wR(t;
 s)
  =
 
i
{Mi
R(0)Qi(s) i(C
i
n(0)(t))
+
  s
0
mi
R( )qi(s,
  ) i(C
i
n( )(t))d },
  (9)
where
  i(C
i
n( )(t))
 is
 the
 stored
 energy
 of
 constituent
 i
 that
 has
 been
produced
  at
  time
   ,
  C
i
n( )(t)
  =
  [F
i
n( )(t)]
TF
i
n( )(t),
  Qi(s)
  is
  the
  fraction
of
  the
  constituent
  i
  that
  was
  present
  at
  time
  0
  and
  still
  remains
  at
time
 s
 (i.e.
 has
 not
 been
 yet
 removed),
 mi
R( )
 is
 the
 mass
 production
rate
  of
  the
  constituent
  i
  at
  time
   
  per
  unit
  reference
  area,
  and
  qi(s,
 )
  is
  its
  survival
  function,
  that
  is,
  the
  fraction
  of
  the
  constituent
  that
has
  been
  produced
  at
  time
   
  and
  remains
  at
  time
  s.
The
  strain
  energy
  functions
  for
  the
  elastin-dominated
  amor-
phous,
  collagen
  ﬁber
  families
  ( k =
  c)
  and
  passive
  SM
  are
  given
as
 e(C
e
n(t))
  =
c1
2
 
Ce
n[11] +
  Ce
n[22] +
1
Ce
n[11]Ce
n[22] −
  Ce
n[12]
2 −
  3
 
, (10)
 c( k
n( )(t))
  =
c2
4c3
 
exp[c3( k
n( )(t)
2 −
  1)
2]
  −
  1
 
,
  (11)
 m( m
n( )(t))
  =
c4
4c5
 
exp[c5( m
n( )(t)
2 −
  1)
2]
  −
  1
 
,
  (12)
where
 k
n( )(t)
  =
  Gc
h
 k(t)
 k( )
,
   k(t)
  =
 
F(t)M
k( )
 ·
 F(t)M
k( ),
  (13)
Mk( )
  is
  the
  unit
  vector
  in
  the
  direction
  of
  collagen
  ﬁber
  family
  k
in
   R,
  and
  Ce
n[11],
  Ce
n[22] and
  Ce
n[12] are
  components
  of
  C
e
n =
  [F
e
n]
TF
e
n.
Vascular
  SM
  cells
  have
  active
  tone
  in
  vivo
  and
  the
  level
  of
  contrac-
tion
  can
  vary
  under
  physiological
  and
  pathological
  conditions.
  We
use
 a
 potential
 function
 for
 active
 tone
 as
 (Zulliger
 et
 al.,
 2004;
 Baek
et
  al.,
  2007)
 m
act(t)
  =
S
 
 
 m
act(t)
  +
1
3
( M −
   m
act(t))
3
( M −
   o)
2
 
,
  (14)
where
   M and
   o are
  stretches
  at
  which
  the
  active
  force
  generation
is
  maximum
  and
  zero,
   m
act(t)
  is
  the
  stretch
  of
  the
  SM
  in
  circum-
ferential
  direction
  at
  time
  t,
  and
  S
  is
  the
  stress
  at
  the
  maximum
contraction.
  The
  vasoactive
  response
  can
  shift
  via
  rearrangement
of
  SM
  cells
  (Baek
  et
  al.,
  2007).
  In
  this
  model,
  we
  assume
  that
  the
vasoactive
  response
  changes
  with
  G&R
  during
  the
  progression
  of
an
  AAA
  so
  that
  the
  intermediate
  conﬁguration
   s is
  considered
  as
the
  reference
  for
  the
  vasoactive
  response.
  Hence,
  here
   m
act(t)
  is
calculated
  as
  the
  circumferential
  stretch
  during
  the
  cardiac
  cycle
from
   s.
  Then,
  the
  total
  membrane
  strain
  energy
  becomes
  wR =
wR(passive) +
  Mm
R (t) m
act.
3.2.
  G&R
  mediated
  by
  stress
Production
  and
  removal
  of
  constituents
  in
  vascular
  tissues
  are
continuous
  processes
  and
  the
  tissue
  mass
  and
  its
  conﬁguration
  are
maintained
  by
  balanced
  turnover
  of
  constituents.
  The
  rates
  of
  pro-
duction
  and
  removal
  changes
  from
  their
  balanced
  normal
  (basal)
values
  in
  response
  to
  changes
  in
  mechanical
  environment.
  Here,
we
  assume
  that
  me
R(s)
  =
  0
  and
  the
  rates
  of
  mass
  production
  for
  col-
lagen
  ﬁbers
  and
  SM
  are
  functions
  of
  a
  scalar
  measure
  of
  intramural
stress,
  given
  by
mk
R(s)
  =
Mc
R(s)
Mc
R(0)
(Kc
g( k(s)
  −
   c
h)
  +
  mk
basal)
  (15)
mm
R (s)
  =
Mm
R (s)
Mm
R (0)
(Km
g ( m(s)
  −
   m
h )
  +
  mm
basal)
  (16)
where
  Mc
R(0)
  and
  Mm
R (0)
  are
  the
  mass
  of
  collagen
  and
  SM
  per
  refer-
ence
  area
  of
  a
  healthy
  artery
  at
  time
  0,
  respectively,
  Kc
g and
  Km
g are
sensitivity
  parameters
  that
  control
  the
  stress-mediated
  growth
  of
collagen
  and
  SM,
  mi
basal is
  a
  basal
  rate
  of
  mass
  production
  for
  the
constituent
  i,
  and
 k(s)
  =
 
 T
c(s)mk(s)
 
 
hc(s)
,
   m(s)
  =
 
 T
m(s)mm(s)
 
 
hm(s)
.
  (17)
where
  Tc(s)
  and
  Tm(s)
  are
  the
  Cauchy
  membrane
  stress
  contributed
by
  collagen
  and
  SM
  at
  time
  s
  (i.e.
  T
c(s)
  =
 4
k=1T
k(s)).
  hc(s)
  and
hm(s)
  are
  contributions
  of
  collagen
  and
  SM
  to
  the
  total
  thickness
at
  time
  s.
  mk(s)
  and
  mm(s)
  are
  unit
  vectors
  in
  the
  direction
  of
  the
corresponding
  constituents.
  Also,
  let
qi(s,
  )
  =
⎧
⎨
⎩
exp(−
  s
 
ki
q(˜  )d˜  ) s
  −
   
  ≤
  ai
max
0
  s
  −
   
  >
  ai
max
,
  (18)
where
  ki
q(˜  )
  is
  a
  rate
  parameter
  for
  removal
  of
  constituent
  i,
  and
ai
max is
  the
  maximum
  life
  span
  of
  the
  constituent
  i.
We
  assume
  that
  the
  alignment
  of
  the
  newly
  produced
  collagen
is
  inﬂuenced
  by
  the
  orientation
  of
  the
  existing
  collagen
  and
  it
  con-
sequently
  aligns
  along
  the
  direction
  of
  the
  existing
  collagen
  family
(Baek
  et
  al.,
  2006).
3.3.
  Finite
  element
  formulation
Assuming
  the
  arterial
  wall
  as
  the
  membrane,
  the
  weak
  form
  is
derived
  from
  the
  principle
  of
  virtual
  work
  as
ıI
  =
 
S
ıwRdA
  −
 
s
Pn
 ·
 ıxda
  =
  0,
  (19)
where
  P
  is
  the
  transmural
  pressure
  and
  n
  is
  the
  outward
  normal
unit
  vector.
  Let
  the
  ﬁnite
  approximation
  of
  the
  current
  position
  x
be
  given
  as
x =
  ˚xp,
  xi =
   iAx
p
A,
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Table
  1
Simulation
  case
  description.
Cases
  1–6:
  R
  =
  Rs(l,
  ),
  Ki
g =
  0.05
Case
  7:
  R
  =
  Rs(l,
  ),
  Ki
g =
  Ki
g(l,
  )
Case
  8:
  R
  =
  R(l,
  ,
 t),
  Ki
g =
  Ki
g(R(l,
  ,
 t))
0
  500
  1000
  1500
  2000
  2500
  3000
0.5
0.6
0.7
0.8
0.9
1
Time (days)
R
 
(
t
)
t
Time dependent damage
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
K
g
0.02
0.025
0.03
0.035
0.04
0.045
0.05
Damage Ratio, R(l, θ, t)
Damage dependent Kg
Fig.
  3.
  Variation
  of
  damage
  ratio
  with
  respect
  to
  time
  (Rt vs.
  time)
  and
  variation
  of
the
  sensitivity
  parameter
  with
  respect
  to
  the
  local
  damage
  (Kg vs.
  R(l,
  ,
 t)).
where
  xp and
  ˚
  are
  the
  nodal
  vector
  for
  the
  current
  position
  and
shape
  function
  matrix,
  respectively.
  The
  governing
  equations
  for
an
  element
  are
  derived
  from
  the
  weak
  form
  as
{F}e
P =
 
Se
 
∂wR
∂C˛ˇ
∂C˛ˇ
∂x
p
P
− ˜ Pi iP
 
dA
  =
  0,
  (21)
where
  C˛ˇ are
  components
  of
  2D
  right
  Cauchy–Green
  deformation
tensor.
  Finally,
  Eq.
  (21)
  is
  solved
  for
  xp by
  the
  Newton–Raphson
method.
  More
  details
  of
  the
  G&R
  model
  and
  the
  FE
  formation
  can
be
  found
  in
  Zeinali-Davarani
  et
  al.
  (2011c).
3.4.
  AAA
  simulation
  cases
Table
  1
  brieﬂy
  describes
  all
  the
  simulation
  cases.
  In
  the
  ﬁrst
set
  of
  simulations,
  to
  study
  the
  effect
  of
  spatial
  variation
  of
  elastin
degradation,
  AAAs
  are
  initiated
  by
  inducing
  instantaneous
  degra-
dation
  with
  multiple
  (six)
  spatial
  shapes
  considering
  a
  uniform
value
  of
  the
  G&R
  kinetic
  parameter
  (Cases
  1–6).
  To
  study
  the
  role
of
  kinetic
  parameter,
  in
  Case
  7,
  AAA
  growth
  simulation
  is
  repeated
with
  spatially
  uniform
  kinetic
  parameter
  (Ki
g =
  0.05)
  and
  non-
uniform
  distribution
  of
  the
  kinetic
  parameter
  (a
  reduced
  value
  at
the
  aneurysm
  sac;
  Ki
g =
  0.02).
  In
  Case
  8,
  the
  elastin
  degradation
  is
assumed
  to
  be
  a
  function
  of
  time
  as
  well
  as
  the
  location
  and
  Ki
g is
assumed
  to
  depend
  on
  the
  local
  damage
  at
  a
  given
  time
  (see
  Fig.
  3).
4.
  Results
Fig.
  4
  shows
  a
  set
  of
  distinct
  shapes
  of
  spatial
  damage
  (distribu-
tions
  of
  elastin
  areal
  mass
  density)
  and
  the
  resulting
  AAAs
  with
  the
corresponding
  von
  Mises
  stress
  distributions.
  The
  time
  histories
  of
the
  variations
  of
  the
  peak
  von
  Mises
  stress
  during
  enlargement
  of
5
  aneurysms
  are
  plotted
  in
  Fig.
  5a.
  Evidently,
  inducing
  damage
  is
followed
  by
  a
  sharp
  increase
  in
  the
  peak
  stress
  (on
  the
  regions
  that
match
  with
  the
  maximum
  degradation)
  which,
  after
  a
  time
  delay,
begins
 to
 gradually
 diminish
 via
 stress-mediated
 collagen
 turnover.
The
  decline
  of
  peak
  stress
  is
  initially
  sharper
  but
  becomes
  slower
during
  the
  AAA
  expansion.
  In
  some
  cases
  the
  stress
  increases
  again
after
  some
  time
  (e.g.
  around
  4
  years)
  on
  the
  regions
  where
  the
extent
  of
  degradation
  was
  not
  necessarily
  maximal
  (see
  regions
speciﬁed
  by
  black
  arrows
  in
  Fig.
  4).
  The
  maximum
  diameter
  of
aneurysms
 changes
 linearly
 over
 time
 but
 at
 different
 rates
 depend-
ing
  on
  the
  damage
  shape
  (Fig.
  5b).
Fig.
  6
  depicts
  spatial
  correlations
  between
  von
  Mises
  stress
  and
both
  the
  rate
  of
  mass
  production
  and
  the
  rate
  of
  nodal
  displace-
ment
 for
 Cases
 1
 and
 5.
 The
 maximum
 rates
 of
 mass
 production
 and
displacement
  gradually
  increase
  with
  aneurysm
  expansion
  while
the
  peak
  stress
  reduces.
  In
  general,
  the
  rate
  of
  mass
  production
increases
  with
  the
  stress,
  but
  regions
  of
  high
  stress
  correspond
  to
  a
wider
  range
  of
  mass
  production
  and
  displacement
  rates
  especially
in
  advanced
  stages.
In
 a
 different
 simulation
 case
 (Case
 7),
 an
 aneurysm
 is
 generated
with
  a
  uniform
  value
  of
  Ki
g (Fig.
  7a)
  as
  well
  as
  spatially
  varying
  Ki
g
(Fig.
  7b).
  Simulation
  with
  a
  lower
  value
  of
  the
  kinetic
  parameter
(i.e.
  Kg =
 0.02)
  on
  the
  region
  where
  aneurysm
  sac
  forms
  leads
  to
lower
  rates
  of
  the
  local
  mass
  production
  and
  faster
  enlargement.
Insufﬁcient
  local
  mass
  production
  also
  leads
  to
  an
  increase
  of
  the
local
  wall
  stress
  during
  enlargement
  (Fig.
  7b).
Fig.
  8
  shows
  the
  distributions
  of
  elastin
  and
  collagen
  areal
  mass
density
  and
  the
  von
  Mises
  stress
  for
  Case
  8
  where
  the
  elastin
  dam-
age
  is
  time-dependent
  and
  Kg is
  assumed
  to
  be
  damage-dependent
(relations
  shown
  in
  Fig.
  3).
  Increasing
  degradation
  along
  with
  grad-
ually
  decreasing
  Kg accelerate
  the
  AAA
  enlargement
  and
  heightens
wall
  stress
  (up
  to
  450
 kPa).
5.
  Discussion
This
 study
 summarized
 our
 recent
 effort
 to
 provide
 a
 framework
for
  developing
  medical
  image-based
  models
  of
  AAAs
  consider-
ing
  multiple
  spatio-temporal
  forms
  of
  elastin
  degradation
  and
stress-mediated
  collagen
  turnover.
  The
  computational
  framework
included
  the
  identiﬁcation
  of
  material/geometric
  parameters
  as
a
  key
  step
  before
  G&R
  simulation
  and
  diverse
  simulation
  cases,
facilitated
  by
  2D
  parameterization
  of
  the
  wall
  surface.
  Our
  com-
putational
  simulation
  of
  AAAs
  were
  not
  yet
  speciﬁc
  to
  an
  AAA
patient
  in
  the
  sense
  that
  it
  did
  not
  use
  the
  medical
  images
  from
an
  AAA
  patient
  but
  used
  images
  from
  a
  healthy
  subject.
  Never-
theless,
  the
  same
  computational
  framework
  could
  be
  used
  in
  a
patient-speciﬁc
  modeling
  of
  an
  AAA
  with
  a
  better
  understanding
  of
mechanical
  homeostasis
  under
  pathological
  conditions.
  The
  simu-
lation
  results
  also
  captured
  some
  general
  characteristics
  of
  AAA
expansion
  such
  as
  linear
  trend
  of
  expansion
  over
  time.
  Some
  of
the
  simulated
  shapes
  of
  AAAs
  were
  comparable
  to
  images
  of
  real
AAAs.
  For
  example
  Cases
  1
  and
  2
  provided
  general
  shapes
  simi-
lar
  to
  cases
  studied
  by
  Raghavan
  et
  al.
  (2000).
  Collagen
  content
was
  markedly
  increased
  during
  G&R
  consistent
  with
  histological
observations
  (Menashi
  et
  al.,
  1987).
  We
  also
  noticed
  an
  increase
  in
anisotropy
  in
  circumferential
  direction,
  consistent
  with
  observa-
tions
  by
  Vande
  Geest
  et
  al.
  (2006).
The
 high
 stress
 regions
 arisen
 during
 intermediate
 stages
 of
 AAA
growth
  in
  Cases
  1
  and
  5
  (Fig.
  4)
  were
  found
  to
  be
  consistent
  with
stress
  analysis
  using
  patient-speciﬁc
  models
  in
  other
  FE
  studies
(Vorp
  et
  al.,
  1998;
  Scotti
  et
  al.,
  2005;
  Doyle
  et
  al.,
  2010;
  Hua
  and
Mower,
  2001;
  Giannoglou
  et
  al.,
  2006),
  conﬁrming
  the
  regions
  of
inﬂections
  as
  the
  high
  stress
  regions.
  We
  noticed
  a
  strong
  spa-
tial
  correlation
  between
  the
  rate
  of
  collagen
  production
  and
  wall
stress
  in
  earlier
  stage
  of
  growth.
  Later,
  even
  though
  the
  peak
  wall
stress
 was
 reduced,
 collagen
 was
 still
 produced
 at
 an
 increased
 rate
(Fig.
  6).
  This
  seems
  to
  be
  mainly
  because
  the
  rate
  of
  mass
  produc-
tion
  is
  linearly
  related
  to
  the
  number
  of
  cells
  (or
  the
  collagen
  mass
in
  Eq.
  (15))
  at
  a
  given
  time.
  There
  was
  a
  strong
  spatial
  correlation
between
  damage
  and
  the
  rate
  of
  mass
  production
  at
  all
  times
  (not
shown),
 whereas
 a
 weaker
 correlation
 was
 found
 between
 the
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Fig.
  4.
  Left:
  Areal
  mass
  distributions
  (kg/m2)
  of
  elastin
  after
  introducing
  damage.
  Right:
  The
  shapes
  of
  AAAs
  after
  the
  G&R
  simulation
  and
  distributions
  of
  von
  Mises
  stress
(kPa).
  The
  arrows
  indicate
  the
  regions
  of
  elevated
  stress
  during
  AAA
  expansion.
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Fig.
  5.
  Variations
  of
  peak
  von
  Mises
  stress
  (a)
  and
  maximum
  diameter
  (b)
  with
  G&R
  time
  for
  different
  cases.
  Equations
  for
  best
  ﬁt
  lines
  are
  shown
  (lines
  are
  not
  included
  in
the
  graph).Please
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Fig.
  6.
  Spatial
  relations
  between
  von
  Mises
  stress
  and
  both
  the
  rate
  of
  collagen
  mass
  production
  as
  well
  as
  the
  rate
  of
  wall
  displacement
  for
  Cases
  1
  and
  5
  at
  different
  stages
of
  growth.
  Wall
  thickness
  distribution
  and
  collagen
  concentration
  are
  illustrated
  for
  each
  case
  corresponding
  to
  2700
  days
  of
  G&R.
damage
  and
  wall
  displacement
  in
  advanced
  AAAs
  (Fig.
  9).
  In
  Case
1,
  wall
  displacement
  occurred
  globally
  and
  was
  not
  restricted
  to
the
  damaged
  regions,
  while
  in
  Case
  3
  high
  wall
  displacement
  was
more
 conﬁned
 to
 the
 damaged
 regions
 (Fig.
 9).
 Interestingly,
 in
 Case
1,
  although
  the
  damage
  was
  uniformly
  distributed
  around
  the
  cir-
cumference
  (Fig.
  4),
  the
  lesion
  on
  the
  convex
  side
  results
  in
  more
displacement
  than
  the
  concave
  side
  (see
  Figs.
  4
  and
  9).
While
  higher
  values
  of
  Kg could
  stabilize
  the
  aneurysm
  enlarge-
ment
  (Zeinali-Davarani
  et
  al.,
  2011c),
  lower
  values
  reduced
  the
sensitivity
  of
  the
  stress-mediated
  mechanism
  and
  resulted
  in
  an
increase
  in
  the
  peak
  wall
  stress
  (on
  regions
  with
  lower
  sensitiv-
ity)
  and
  a
  higher
  rate
  of
  expansion
  (Fig.
  7).
  Inherent
  variability
in
  the
  sensitivity
  of
  stress-mediated
  G&R
  among
  individuals
  (due
to
  genetic
  factors
  or
  individual
  life-style)
  may
  partly
  explain
  the
variability
  of
  collagen
  content
  observed
  among
  different
  AAAs
(Ghorpade
 and
 Baxter,
 1996;
 Rizzo
 et
 al.,
 1989;
 Sumner
 et
 al.,
 1970).
The
  time-dependent
  case
  (Case
  8)
  was
  inspired
  by
  a
  possibility
of
  increasing
  elastin
  degradation
  due
  to
  exacerbated
  hemody-
namic
  conditions
  in
  AAAs
  as
  the
  geometry
  evolves
  (Mohan
  et
  al.,
1999;
  Walpola
  et
  al.,
  1993).
  Recently
  Sheidaei
  et
  al.
  (2011)
  demon-
strated
  the
  effect
  of
  low
  wall
  shear
  stress
  on
  elastin
  degradation
and
  acceleration
  of
  the
  an
  AAA
  expansion
  through
  coupling
  with
hemodynamic
 simulation.
 However,
 wall
 shear
 stress
 seems
 to
 play
more
  complex
  roles
  in
  pathogenesis
  of
  AAAs.
  Low
  wall
  shear
  stress
Fig.
  7.
  Spatial
  relation
  between
  the
  rate
  of
  collagen
  mass
  production
  and
  von
  Mises
  stress
  for
  Case
  7
  using
  a
  homogeneous
  distribution
  of
  kinetic
  parameters
  (a;
  Kg =
 0.05)
as
  well
  as
  spatially
  variable
  kinetic
  parameter
  (b;
  Kg =
 0.02
  at
  the
  AAA
  sac
  and
  Kg =
 0.05
  otherwise)
  at
  different
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Fig.
  8.
  Elastin
  and
  collagen
  mass
  areal
  density
  along
  with
  von
  Mises
  stress
  distributions
  for
  Case
  8
  after
  7
  years
  (2700
  days)
  of
  G&R.
  Time
  history
  of
  maximum
  diameter
  and
peak
  von
  Mises
  stress
  is
  shown.
promotes
  collagen
  production
  as
  well
  (Malek
  and
  Izumo,
  1995;
Rizvi
  et
  al.,
  1996).
  Wall
  shear
  stress
  may
  be
  a
  key
  mediator
  of
  AAA
G&R
  that
  should
  be
  included
  in
  the
  growth
  laws
  as
  more
  informa-
tion
  becomes
  available
  for
  the
  underlying
  kinetics.
  In
  addition,
  the
dependence
 of
 Ki
g on
 the
 extent
 of
 elastin
 damage
 (damage-induced
weakening
  of
  the
  G&R
  sensitivity)
  was
  considered
  because
  the
  loss
of
  elastin
  is
  associated
  with
  SM
  migration
  or
  proliferation
  (Karnik
et
  al.,
  2003;
  Li
  et
  al.,
  1998),
  apoptosis
  (Lopez-Candales
  et
  al.,
  1997;
Thompson
  et
  al.,
  1997)
  and
  its
  phenotype
  modulation
  (Ailawadi
et
  al.,
  2009).
  It
  may
  be
  possible,
  then,
  to
  hypothesize
  that
  elastin
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Fig.
  9.
  Spatial
  relation
  between
  the
  nodal
  displacement
  and
  the
  damage
  ratio
  for
  Cases
  1
  and
  3
  at
  different
  times.
  A
  number
  of
  points
  on
  the
  convex
  and
  concave
  regions
(with
  reference
  to
  the
  healthy
  geometry)
  are
  distinguished
  with
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  markers
  at
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degradation
  compromises
  the
  compensatory
  mass
  production
  via
diminished
  SM
  cells.
  The
  imbalance
  between
  extracellular
  matrix
synthesis
  (Sumpio
  et
  al.,
  1988)
  and
  degradation
  (Crowther
  et
  al.,
2000),
  mediated
  by
  altered
  SM
  cells
  can
  be
  the
  reason
  for
  progres-
sive
  weakening
  and
  rupture
  of
  the
  wall.
  Recently,
  Maier
  et
  al.
  (in
press)
  have
  quantitatively
  found
  a
  spatial
  correlation
  between
  wall
stress
  and
  the
  level
  of
  in
  vivo
  tissue
  reactions
  which
  can
  indicate
either
  synthetic
  or
  proteolytic
  activities
  in
  the
  arterial
  wall
  tissue.
In
  this
  study,
  we
  were
  able
  to
  capture
  relatively
  complex
  3D
shapes
  of
  AAAs
  by
  prescribing
  distinct
  shapes
  for
  spatial
  damages.
Even
  with
  a
  ﬁxed
  spatial
  distribution
  of
  elastin
  damage,
  we
  noticed
that
  regions
  of
  elevated
  wall
  stress
  can
  change
  in
  the
  course
  of
expansion
  (Fig.
  4).
  Interestingly,
  during
  the
  evolution
  of
  some
  AAA
shapes,
  the
  peak
  wall
  stress
  locally
  increased
  again
  (Fig.
  5).
  The
lesions
 in
 Cases
 1
 and
 5
 develop
 lower
 peak
 wall
 stress
 than
 those
 in
Cases
  3
  and
  6
  even
  with
  larger
  diameter
  after
  7
  years,
  implying
  the
inﬂuence
  of
  local
  aneurysm
  shape
  on
  the
  peak
  wall
  stress,
  beyond
what
  the
  maximum
  diameter
  criterion
  may
  solely
  suggest.
Together,
  these
  results
  emphasize
  the
  impact
  of
  geometrical
complexities
  on
  stress
  distributions
  during
  AAA
  expansion
  as
  sug-
gested
 by
 Sacks
 et
 al.
 (1999).
 Other
 studies
 have
 sought
 correlations
between
  wall
  stress
  and
  quantiﬁed
  AAA
  shapes,
  asymmetry,
  tor-
tuosity,
  as
  alternative
  indicators
  of
  rupture
  (Shum
  et
  al.,
  2011;
Vorp
  et
  al.,
  1998;
  Georgakarakos
  et
  al.,
  2010;
  Doyle
  et
  al.,
  2009;
Giannoglou
  et
  al.,
  2006).
  Moreover,
  we
  found
  that
  the
  regions
  of
low
  wall
  thickness
  initially
  coincide
  with
  the
  damaged
  regions
  but
they
 too
 change
 as
 the
 lesions
 evolve.
 In
 some
 cases
 they
 may
 corre-
spond
  to
  high
  stress
  regions
  (e.g.
  Cases
  1
  and
  5;
  Figs.
  4
  and
  6)
  while
in
 other
 cases
 they
 may
 not
 (other
 cases
 not
 shown).
 Coincidence
 of
the
  low
  wall
  thickness
  and
  elevated
  wall
  stress
  could
  be
  indicative
of
  an
  impending
  rupture
  in
  advanced
  stages.
  An
  advantage
  of
  G&R
simulations
  is
  that
  it
  can
  capture
  morphological
  complexities
  dur-
ing
  enlargement
  as
  well
  as
  the
  evolution
  of
  wall
  properties
  during
G&R.
AAAs
  are
  often
  accompanied
  by
  bending
  of
  the
  proximal
  neck
area
  which
  inﬂuences
  the
  hemodynamics
  and
  possibly
  intralu-
minal
  thrombus
  formation
  (Biasetti
  et
  al.,
  2010).
  Fig.
  10
  depicts
the
  axial
  stretch
  distributions
  for
  different
  simulation
  cases.
Aneurysms
 enlarge
 in
 both
 circumferential
 and
 axial
 directions
 and
because
  of
  the
  ﬁxed
  boundary
  condition,
  axial
  stretch
  on
  the
  neck
region
  reduces
  to
  values
  less
  than
  1.
  Even
  if
  not
  the
  main
  reason,
this
  can
  be
  used
  as
  an
  indicator
  of
  where
  bending
  may
  occur
  in
later
  stages
  (Jackson
  et
  al.,
  2005).
  This
  is
  consistent
  with
  Watton
et
 al.
 (2004)
 who
 found
 minimum
 axial
 stress
 close
 to
 proximal
 and
distal
 ends
 of
 their
 AAA
 models.
 It
 is
 noteworthy
 that
 we
 have
 mod-
eled
  the
  vessel
  wall
  as
  a
  membrane
  while
  a
  model
  that
  accounts
  for
bending
  of
  the
  wall
  is
  necessary
  to
  study
  buckling
  of
  the
  vessel
walls.
  A
  full
  3D
  model
  will
  also
  facilitate
  distinction
  between
  layers
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of
 wall
 and
 distribution
 of
 constituents
 and
 parameters
 through
 the
thickness.
From
  the
  practical
  point
  of
  view,
  we
  are
  ultimately
  interested
in
  modeling
  AAA
  expansion
  from
  an
  existing
  AAA,
  which
  is
  an
intermediate
  stage
  of
  the
  disease.
  While
  the
  current
  model
  uses
the
  assumption
  of
  homeostatic
  condition
  for
  the
  healthy
  aorta
  to
prescribe
  initial
  conditions
  (e.g.
  thickness,
  ﬁber
  alignment,
  kinetic
parameters)
  of
  the
  simulation,
  less
  information
  is
  available
  for
the
  spatial
  and
  temporal
  distribution
  of
  the
  parameters
  for
  a
  dis-
eased
  artery.
  Despite
  this
  challenge,
  we
  believe
  that
  the
  current
model
  can
  be
  used
  for
  estimating
  the
  material
  and
  kinetic
  parame-
ters
  of
  an
  existing
  AAA
  and,
  hence,
  predicting
  patient-speciﬁc
  AAA
expansion
  if
  used
  in
  a
  broader
  framework.
  For
  example,
  using
  the
same
  model
  but
  in
  an
  inverse
  scheme,
  it
  seems
  feasible
  to
  regen-
erate
  a
  patient-speciﬁc
  AAA
  shape
  by
  estimating
  spatio-temporal
distributions
  of
  elastin
  degradation
  as
  well
  as
  the
  G&R
  sensitiv-
ity/kinetic
  parameter.
  Cyclic
  strain
  quantiﬁed
  from
  medical
  images
can
  also
  be
  incorporated
  into
  the
  inverse
  scheme
  such
  that
  the
local
 mechanical
 state
 of
 the
 AAA
 can
 be
 more
 accurately
 predicted.
That
 would
 also
 require
 further
 enhancement
 of
 the
 computational
model
 regarding
 boundary
 conditions,
 e.g.
 the
 spine
 support,
 which
is
  an
  ongoing
  study
  by
  our
  group.
  Our
  preliminary
  study
  shows
that
  including
  the
  spine
  as
  a
  growth
  barrier
  in
  the
  G&R
  model
  sig-
niﬁcantly
  alters
  the
  resulting
  AAA
  shape
  and
  stress/cyclic
  strain
distributions.
There
 is
 still
 lack
 of
 veriﬁcation
 for
 the
 estimated
 distributions
 of
the
  wall
  thickness
  and
  ﬁber
  orientation
  in
  healthy
  condition
  (prior
to
  G&R)
  and
  during
  the
  AAA
  development
  for
  the
  current
  study.
Recent
  advances
  in
  medical
  imaging
  and
  segmentation
  techniques
make
  it
  possible
  to
  quantify
  in
  vivo
  wall
  thickness
  (Shum
  et
  al.,
2010;
  Martuﬁ
  et
  al.,
  2009)
  and
  it
  will
  allow
  for
  the
  veriﬁcation
of
  the
  patient-speciﬁc
  simulations
  of
  AAAs
  in
  the
  future
  study.
  A
major
  limitation
  of
  the
  current
  model
  is
  that
  the
  role
  of
  intralu-
minal
  thrombus
  layer
  is
  overlooked.
  Thrombus
  has
  been
  found
  to
either
  protect
  the
  wall
  by
  reducing
  the
  wall
  stress
  (Inzoli
  et
  al.,
1993;
  Thubrikar
  et
  al.,
  2003;
  Wang
  et
  al.,
  2002)
  or
  compromise
  its
integrity
  via
  biochemical
  environment
  (Vorp
  et
  al.,
  2001;
  Fontaine
et
  al.,
  2002).
In
  conclusion,
  in
  this
  paper
  we
  presented
  a
  computational
framework
  for
  modeling
  AAAs
  G&R
  using
  a
  geometry
  constructed
from
  medical
  images.
  However
  toward
  individual
  patient-based
clinical
  application,
  the
  current
  framework
  will
  require
  continuous
improvement
  regarding
  constitutive
  description
  of
  the
  aortic
  tis-
sue,
 boundary
 conditions,
 and
 G&R
 rules
 and
 the
 development
 of
 an
inverse
  scheme
  using
  longitudinal
  medical
  images
  from
  patients.
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